the metal and E max is the maximum kinetic energy of the ejected electron(s). Since then, the Planck constant has played a major role in giving birth to quantum physics [3] [4] [5] and has become one of the most important universal constants in physics.
The precise determination of the Planck constant is also of fundamental importance to metrology. The SI standard of resistance, ohm, is related to the von Klitzing constant R K = h/e 2 from quantum Hall effect [6] . Here h is the Planck constant and e is the elementary charge. The SI standard of voltage, volt, is related to the Josephson constant K J = 2e/h from Josephson effect [7] . The latest definition of mass, kilogram, is based on taking the fixed numerical value of the Planck constant to be 6.62607015×10 34 J·s [8] . The value of the Planck constant was first determined from fitting the black body radiation curve [1] . Such a method is straightforward but was found difficult to produce a reproducible high precision result [9] [10] [11] [12] . The photoelectric effect provides another way to measure the Planck constant, however, the value of the Planck constant thus obtained so far varies over a large range [13] [14] [15] [16] [17] [18] [19] [20] . At present, there are a couple of methods that have been invented to precisely determine the Planck constant [21] [22] [23] [24] [25] . One of the most precise methods is based on the Kibble balance which can determine the Planck constant to a precision that is less than 2×10 −8 relative uncertainty [26] [27] [28] [29] . However, in order to conduct the measurement to achieve such a high precision, complex apparatus has to be constructed that involves the Josephson effect, the quantum Hall effect and the International Prototype of the Kilogram (IPK) or its copies [26] [27] [28] [29] .
In principle, the photoelectric effect provides a simple and direct way to measure the Planck constant. From the Einstein's photoelectric equation: hν = Φ + E max , the maximum photoelectron energy E max is proportional to the light wave frequency ν, and the ratio is the Planck constant h. Millikan proved the linear relation between E max and ν with his state-of-the-art apparatus at that time [16] and many photoelectric effect measurements [17] [18] [19] [20] adopted his method. An extra potential was applied at the electron collector to stop the photoelectron from arriving at the collector and the maximum photoelectron energy E max is determined in this case by measuring the electric current flowing through the collector [16] .
The main difficulty and source of uncertainty originate from how to define the stop potential and determine it accurately from the photocurrent-potential curve [16, 20] . Since electrons in solids obey the Fermi-Dirac distribution around the Fermi level, there is actually no clear definition of the maximum photoelectron energy at a finite temperature. In fact, E max in 3 the photoelectric effect equation represents the maximum photoelectron energy excited from a metal at zero temperature. Another source of uncertainty comes from the absorption of residual gas on the clean metal surface; it will affect the stability of the photocurrent and cause variations in the work function and the stop potential. The stability of the light source is also important for the precise measurement of the photocurrent. Overall, these factors have made it hard to determine E max from the photocurrent-potential curve with high precision, giving rise to a rather large uncertainty in the value of the Planck constant obtained from the photoelectric effect [13] [14] [15] [16] [17] [18] [19] [20] .
The photoemission spectroscopy technique has experienced a dramatic advancement in the last few decades [30] [31] [32] [33] . In modern photoemission spectroscopy, the energy of the photoelectrons can be precisely measured, and the emission angle of photoelectrons can also be measured that provides information of electron momentum in the measured material.
The light source is improved and the measured sample can be kept in ultra-high vacuum to stay clean and stable. These can overcome the issues encountered by the previous photoelectric effect measurements [13] [14] [15] [16] [17] [18] [19] [20] and prompt us to ask whether the Planck constant can be determined precisely by using modern photoemission technique. In this paper, we report a high precision determination of the Planck constant by employing modern photoemission spectroscopy technique. Through the use of the Einstein's photoelectric equation, the Planck constant is directly determined by measuring accurately the energy position of the gold Fermi level using light sources with various photon wavelengths. The precision of the measured Planck constant, 6.62610(13)×10 −34 J·s, is four to five orders of magnitude improved from the previous photoelectric effect measurements, and renders photoemission method to become one of the most accurate methods in determining the Planck constant.
With further optimization of the photoemission apparatus, we believe this direct method of photoemission spectroscopy is possible to reach its measurement precision of the Planck constant to the level that is comparable to the most accurate methods that are available at present.
A typical setup of modern photoemission system, angle-resolved photoemission spectroscopy (ARPES), is schematically shown in Fig. 1a . It is still based on the photoelectric effect. When light is incident on the sample in an ultra-high vacuum chamber, electrons in the sample absorb the photons and photoelectrons are emitted outside of the sample. By measuring the energy and number of the photoelectrons along different emission angles, one 4 may get the electronic structure of the sample in terms of electron energy and momentum.
One key element to measure the energy, number and emission angle of the photoelectrons is the electron energy analyzer. In Fig. 1a , a typical and most commonly used hemispherical electron energy analyzer is shown which consists of a lens system, a slit, the inner and outer spheres, and an electron detector. Electrons entering through the same position of the slit with different energies will deflect with different radius in the hemispherical analyzer because of the application of a potential difference on the outer and inner spheres. The photoelectrons with different energies are dispersed along the vertical direction of the detector at the exit of the hemispheres. The intensity of photoelectrons dispersed at different energies is measured at different vertical locations of the detector. The hemispherical analyzer can work in two different modes, one is transmission mode and the other is angular mode. In the transmission mode (Fig. 1c) , the photoelectrons with different emission angles at the same spot on the sample will be focused on the same point on the slit, giving rise to an angle-integrated photoemission spectrum. In the angular mode (Fig. 1d) , the photoelectrons with different emission angles at the same spot on the sample will be dispersed by the lens system to different horizontal positions on the slit, and further spread along the horizontal direction on the detector, giving rise to an angle-resolved photoemission image.
High resolution photoemission measurements were performed using a lab-based ARPES system equipped with a helium discharge lamp and a hemispherical electron energy analyzer [32] . A monochromator is used to achieve three kinds of monochromatic light with Fermi edge that is an intrinsic physical quantity which can be described by the Fermi-Dirac distribution. The advantage of using the gold Fermi edge in defining a precise energy position is obvious when compared with the maximum energy of the photoelectrons E max used in the previous photoelectric measurements [13] [14] [15] [16] [17] [18] [19] [20] . The polycrystalline gold was sputtered by an Argon ion gun to get a clean surface before it was transferred to the ultra-high vacuum chamber with a base pressure better than 5×10 −11 mbar. Such an ultra-high vacuum keeps the sample surface clean and stable during the measurement. In order to get a sharp Fermi cut-off to determine its energy position accurately, the polycrystalline gold was kept at a temperature of 1.4 K that was precisely controlled to be within ±0.1 K stability.
In our present measurement, we used a polycrystalline gold metal as the target material and measured the kinetic energy of the photoemitted electrons after being excited by light.
The polycrystalline gold is electrically connected with the electron energy analyzer and both are grounded (Fig. 1a ). Therefore, the Fermi level of the polycrystalline gold and the analyzer are lined up at the same energy level due to the good electrical contact (Fig. 1b) . • and 6
• to get a single integrated EDC (Fig. 2g, h and i) . We note that there is a balance between the data statistics and the accuracy of E KF . A large integration angle range is good for improving the data statistics, but in the mean time may reduce the accuracy of E KF because the instrumental aberration increases when the measured channels move away from the central lens and detection regions (corresponding to zero emission angle). In this sense, the angular mode measurements are advantageous over the transmission mode because the latter integrates photoelectrons over a much larger emission angle (±15 • ). Similar to the transmission data in Fig. 2(a-c) , the integrated EDCs in Fig. 2(g-i) In Fig. 3 , the obtained E KF is plotted as a function of the wave number of the incident light. Here the wave number represents the inverse of the wavelength for each light source.
The measured results from the transmission mode ( Fig. 2(a-c) ) are shown in Fig. 3a , and from the angular mode ( Fig. 2(g-i) ) are shown in Fig. 3b . In order to check on the effect of the integration angle range on the results, we also used different angle integration windows of [-5,5] , [-4,4] and [-3,3] degrees from the measured images ( Fig. 2(d-f) ), in addition to the [-6,6 ] degree used in Fig. 2(g-i) . The obtained E KF s as a function of the wave number of the incident light sources are shown in Fig. 3(c-e) . From the transmission mode data (Fig. 3a) , the fitted slope a is 1. Taking the accepted Planck constant value h = 6.62607015×10 −34 J·s as a reference, the maximum relative deviation is below 1.6×10 −5 .
In Fig. 4 , we compare our measured values of the Planck constant with those from the previous measurements. When compared with the previous values of the Planck constant obtained based on the photoelectric effect (Fig. 4a ) [16] [17] [18] [19] [20] [35] [36] [37] [38] [39] , our result is 4∼5 orders of magnitude increased in precision. This is mainly due to the significant advancement in 8 precise determination of the energy scale of the well-defined Au Fermi edge. When compared with the most accurate methods that have been invented so far (Fig. 4b ) [21] [22] [23] [24] [25] [26] [27] [28] [29] , our result has made the measured Planck constant comparable to the most precise results, putting the photoelectric effect method back as one of the most accurate methods in determining the Planck constant.
The present results are obtained from a regular lab-based ARPES system without any particular modification or optimization made for the purpose of the Planck constant measurement. The electron energy analyzer we used is a commercial product without high precision control of the voltages on the inner sphere, outer sphere, and in particular the bias to tune the energy of the photoelectrons before they pass through the slit. We also note that, although the achieved precision of our present measurement, 2.0×10 If the polycrystalline gold can be cooled to a very low temperature ∼1 K (corresponds to a Fermi edge width of 330 µeV), and the data are taken with high system stability and high data statistics, it is possible to measure the Fermi edge to a precision of µeV. Overall, when the combined accuracy of the energy position for the Au Fermi edge from different photon sources is controlled to be at the µeV level over a span of the photon energy of ∼20 eV between 21.2 eV (He Iα) and 40.8 eV (He IIα), the precision of E KF can also approach 10
level. These would make the modern photoemission method possible to measure the Planck constant to the precision of ∼10 −8 level that is comparable to the most accurate methods that are available so far [25] [26] [27] [28] [29] .
The determination of the Planck constant with high precision is of paramount importance to both the metrology and quantum physics. First, it remains to be checked on the inconsistency of the measured values between the Kibble balance method and the X-ray crystal density method, the two most accurate measurement methods of the Planck constant. The Kibble balance method gives a value of h = 6.62606889(29)×10 −34 J·s with a precision of 3.4×10 −8 [26] [27] [28] [29] . The X-ray crystal density method gives a value of h = 6.6260745(19)×10 −34 J·s with a precision of 2.9×10 −7 [25] . However, the two values of the Planck constant appear not to agree with each other within their claimed precision. Independent measurement from the third method is necessary to resolve this discrepancy.
Second, there are several related constants, like the Josephson constant (K J = 2e/h) and von Klitzing constant (R K = h/e 2 ) that are related to the Planck constant. The precision improvement of the Planck constant will help elevate the precision of other constants.
Third, all the precise methods of the Planck constant, except for the X-ray crystal density method, rely on the theoretical basis of the Josephson effect and the quantum Hall effect.
In particular, the Kibble balance method involves the use of the International Prototype of the Kilogram (IPK) or its copies, in addition to the involvement of the Josephson effect and the quantum Hall effect to conduct the measurement [26] [27] [28] [29] . The values of the Planck constant obtained in this way cannot be used as tests of the theories without falling into a circular argument. An independent measurement with a comparable precision would be important to examine on the accuracy of the measured value, validity of the related theories and possible time evolution of some fundamental constants [6] .
In summary, we have measured the Planck constant by conducting the photoelectric effect experiment with the modern photoemission technique. From our lab-based system, we have obtained the value of the Planck constant 6.62610(13)×10 −34 J·s with a relative uncertainty of 2×10 −5 . The precision is 4 or 5 orders of magnitude improved compared with all the previous measurements based on the photoelectric effect, and puts the technique into the category as one of the most accurate methods in measuring the Planck constant. The photoelectric effect method is direct and intuitive with inherent advantages. We propose that there is still a lot of room to further improve the photoemission technique to achieve a precision that is comparable to the Kibble balance or other precise methods. To this end, a dedicated photoemission system with all the elements optimized, including the light source, the target sample, and the electron energy analyzer, is desired. We hope our present work will stimulate further efforts along this direction. It provides an opportunity to provide an independent high precision measurement of the Planck constant that will not only check on the other methods, but provide possibility in elevating precision of other fundamental constants and cross-examining some theories including the Josephson effect and quantum
Hall effect. 
